Background Diagnosis of latent tuberculosis infection (LTBI) is a cornerstone of the health assessment of resettled high incidence populations, particularly in children. Two blood-based interferon g release assays (IGRAs), T-SPOT.TB and QFT-Gold in-tube (QFT-GIT), have greater sensitivity and specificity than the tuberculin skin test (TST), but their performance as screening tools for LTBI in children, especially refugee children, remains unclear. Methods 524 African and ethnic Burmese children, including 107 under 3 years of age, were prospectively enrolled in a comparison of the T-SPOT.TB and QFT-GIT. The TST was also performed in 342 of the children. Results The T-SPOT.TB and QFT-GIT had similar rates of positivity (8% and 10%, respectively) and showed good concordance when both tests gave definitive results (k¼0.78; p<0.0001). However, the IGRAs had significant failure rates: 15% of QFT-GIT gave indeterminate results due to failed mitogen response and 14% of T-SPOT.TB results were inconclusive, largely because of insufficient mononuclear leucocyte yields. Failure of the QFT-GIT mitogen response was associated with African ethnicity and co-morbid infections, particularly with helminths. The TST results showed poor concordance (w50%) with both IGRAs. Conclusions It is reasonable to screen using either IGRA with follow-up by the alternative if the test fails. In general, the QFT-GIT is the preferred option for nonAfrican populations but the T-SPOT.TB is recommended when there are epidemiological and/or clinical high risk factors for TB infection. However, both IGRAs have methodological and performance characteristics that limit their usefulness in refugee children, highlighting the need for continued development of screening strategies.
INTRODUCTION
Increasing migration from resource-poor to resource-rich countries has important public health implications for countries of resettlement. Diagnosis and treatment of Mycobacterium tuberculosis infection is arguably the most important health intervention for migrants from high incidence settings, to low incidence countries. Australia is one such low incidence country, in which 85% of tuberculosis (TB) notifications in 2006 were for people born overseas. 1 Predeparture chest radiography is used to screen for active pulmonary TB but cannot identify latent TB infection (LTBI). The overall lifetime risk of LTBI reactivation is w10%, but is increased 4e5 times in infants and young children, 2 who are also at greater risk of extrapulmonary TB, including TB meningitis. 3 Diagnosing LTBI in migrants from high incidence countries is a cornerstone of the health assessment following resettlement in low incidence countries. The optimal method for the diagnosis of LTBI in children, particularly resettled refugee children, is unknown.
The tuberculin skin test (TST) is an established method for detecting immunological memory to mycobacterial antigens but has well-recognised limitations: poor specificity due to cross-reactivity with both non-tuberculous mycobacteria (NTM) and BCG, and a requirement for two patient visits. 4 Blood-based interferon g (IFNg) release assays (IGRAs) have shown high specificity for M tuberculosis infection in adults, especially in BCG-vaccinated populations. 5 Two IGRAs are currently available for diagnostic use, the Quantiferon-TB gold in-tube (QFT-GIT; Cellestis, Carnegie, Australia) and the T-SPOT.TB (Oxford Immunotech, Oxford, UK). Both measure T cell IFNg production in response to antigens that are not present in BCG and are predominantly M tuberculosis specific. T-SPOT.TB is an enzyme-linked immunospot (ELISpot) assay that measures the response to two antigensdearly-secreted antigenic target 6 (ESAT-6) and culture filtrate protein 10 (CFP-10). The QFT-GIT assay is a whole blood IGRA assay that includes an additional M tuberculosis-specific antigen (TB7.7).
In the few head-to head comparisons of the T-SPOT.TB and QFT-GIT assays and TST there has been limited focus on high incidence paediatric populations. 6e8 We conducted a prospective comparative study of IGRAs and TST for the diagnosis of LTBI in 524 recently resettled refugee children, including 182 children <5 years of age, from countries with a high prevalence of M tuberculosis. Our findings demonstrate the influence of age, ethnicity and clinical status on IGRA results and the limitations of using these tests in refugee children.
METHODS

Study population
Children aged from 5 months to 16 years were consecutively and prospectively enrolled between January 2007 and March 2008 from refugee families attending the Migrant Health Unit (MHU), Perth, Western Australia. In 2007, there were 1550 humanitarian entrants settling in Western Australia of whom 1237 (80%) were assessed in the MHU. The remaining 20% were mainly sponsored refugees whose sponsors may contact the MHU. Consent was obtained from 524 parents or adult guardians via an interpreter and assent was obtained from older adolescents. Consent was obtained from all but six adolescents (99%). One HIV-positive child was excluded. Approval was obtained from the Royal Perth Hospital Ethics Committee in consultation with the local tertiary paediatric hospital. Positive or indeterminate IGRA results were reported to the MHU doctor to aid clinical management.
Clinical data collected included date of birth, sex, height, weight, country of birth, country of transit, history of or contact with TB, co-morbidities, regular medication and recent treatment for helminth infection. Data collected as part of the initial health assessment included chest X-ray (children $11 years old and a positive TB screening test or clinical indications), schistosomiasis, strongyloides, hepatitis B (HBV), hepatitis C (HCV) and HIV serology, full blood count, serum albumin, serum ferritin, malaria status, thyroid-stimulating hormone (TSH), vitamin D, calcium and phosphorus. Data were ascertained on those children for whom venepuncture failed.
T-SPOT.TB assay
In keeping with the manufacturer's instructions, 4 ml of blood were drawn for the T-SPOT.TB assay, except for children <2 years when 2e3 ml were drawn depending on ease of venepuncture. Inconclusive assays were defined by an inability to complete the test due to inadequate peripheral blood mononucear cell (PBMC) yield after PBMC separation, high background, machine failure or red blood cell contamination. Indeterminate assays were defined as a low mitogen-positive control response or a high response to the negative control.
QFT-GIT assay A 3 ml aliquot of blood was drawn from all study children and the assay was performed according to the manufacturers' protocols; indeterminate assays were defined as a high IFNg response to the negative control or a low IFNg response to 
Tuberculin skin test
TST was performed with purified protein derivative (PPD) by administration of 5 tuberculin units following the Mantoux method. 4 The transverse diameter of skin induration was measured at 48e72 h. The presence of a BCG vaccination scar and history of BCG vaccination was recorded and results interpreted using Australian guidelines. 6 9 Generally, a 10 mm cut-off was used for positivity given that all children originated from high prevalence countries. A 15 mm cut-off was used if children were <5 years old and had received BCG. Five mm was subtracted from these cut-off values for children at increased risk for M tuberculosis infection (such as household contacts) and for those >1 year of age, giving a cut-off value of 5 or 10 mm, respectively for these groups.
Statistical analysis
Demographic variables and laboratory markers were compared across independent sample subgroups by means of c 2 tests or two-sample t tests, with log transformation of skewed data where necessary. Logistic regression was used to assess predictors of dichotomous IGRA and TST outcomes. Cohen's k and proportions of specific agreement were used as measures of concordance between test results, 10 11 and the McNemar test was used to assess the superiority of one assay over the other. Mitogen control responses were analysed by censored-normal regression methods. Analyses were carried out using S-PLUS 8.0.4 for Windows (Insightful, Seattle, Washington, USA).
FINDINGS
Demographic and clinical data are summarised in table 1. There were similar numbers of boys and girls (48% male), and the majority were of African origin (African 78%, Asian 22%). A significantly higher proportion of Asian children had a known or suspected household TB contact compared with African children (19/113 vs 22/411, p¼0.0001).
A total of 477 T-SPOT.TB and 460 QFT-GIT were attempted. Insufficient blood volume, particularly from younger children, was the main reason that both IGRA tests were not attempted in all children. The TST was attempted in 341 children; in 37 (11%) reading was not possible due to absence of the child at the scheduled clinic or home follow-up.
Results were positive for 9% of the completed T-SPOT.TB assays, 10% of the QFT-GIT assays and 18% of TSTs (table 2) . For all three tests, the proportions of positive results were similar for children of African and Asian origin (figure 1). The youngest age for which a positive result was obtained was 37, 34 and 7 months for the T-SPOT.TB, QFT-GIT and TST, respectively. For all tests, increasing positivity was associated with increasing age (table 3) . Correspondingly, the mean age of children with positive tests was higher than that of children with negative tests (mean (SD): T-SPOT.TB 11.2 (3.7) vs 7.7 (4.2), p<0.0001; QFT-GIT 10.5 (4.0)) vs 7.8 (4.3), p¼0.0001; TST 9.1 (5.1) vs 7.3 (4.3), p¼0.02). Another significant predictor of a positive test result was definite or suspected household TB contact, but not previous BCG vaccination, presence of cough or region of origin (table 3) .
Neither IGRA was significantly superior in terms of overall positivity (table 4), considered as the proportion of either completed tests or all tests attempted. There was good concordance when both tests gave definitive results (k¼0.78 (0.67e0.89); 81% positive and 97% negative agreement). QFT-GIT had significantly more indeterminate results than completed T-SPOT.TB (p<0.0001), although the overall proportions of inconclusive results, taking into account all attempted, but failed T-SPOT.TB tests, were similar (table 4) .
Of T-SPOT.TB tests that failed to yield a definitive result, relatively few were truly indeterminate (8/65, table 2). The majority of inconclusive T-SPOT.TB assays were attributable to inadequate PBMC yield. Other technical problems (high background, machine failure and red blood cell contamination) contributed to a lesser extent. Compared with children with negative T-SPOT.TB results, those with insufficient PBMCs tended to be younger (mean (SD): 6.1 (3.9) vs 7.7 (4.2), p¼0.01) but did not significantly differ in laboratory parameters, including lymphocytes, white cells or neutrophil counts. With model adjustment for age, however, lymphocyte and white cell counts were lower (p¼0.0001 and p¼0.01) and ferritin levels higher (p¼0.03) in children with an insufficient PBMC yield. Region of origin and indicators of other infections were not predictive of insufficient PBMCs or an indeterminate T-SPOT.TB result.
In contrast to the findings for the T-SPOT.TB assay, all inconclusive QFT-GIT results were truly indeterminate, with most resulting from a low mitogen-positive control response. Mitogen responses were significantly lower for African children (p<0.0001). Correspondingly, indeterminate QFT-GIT assay results were much more prevalent amongst African compared with Asian children (p¼0.0001, table 2, figure 1) . African children with serological evidence of either schistosomiasis or strongyloides infection had considerably increased odds of an indeterminate QFT-GIT result (OR 4.7, p<0.0001, vs no infection) (figure 1b) and indeterminancy was associated with higher eosinophil count (p¼0.003). Amongst those with schistosomiasis and/or strongyloides infection, children with indeterminate QFT-GIT results were less likely to have received predeparture treatment for helminth infection (16/48 vs 31/33, p¼0.003). Of African children not positive for helminth infection, those with indeterminate results were younger than those with negative results (p¼0.01) and the odds for indeterminacy were higher for those testing positive for malaria or either HBV or HCV (OR 3.4, p¼0.02). Vitamin D levels in the African children were not correlated with magnitude of responses to mitogen (p¼0.3). No Asian children had a diagnosed helminth infection, and the three Asian children with an indeterminate QFT-GIT result did not have malaria or hepatitis virus infection.
The most striking difference between the IGRAs was the likelihood of returning a final conclusive result once the test was attempted, rather than overall positivity. We therefore considered T-SPOT.TB vs QFT-GIT in light of the strong demographic predictors for QFT-GIT indeterminacy. In particular, we analysed relative proportions of both positive and inconclusive results within three demographic groups defined by: (1) African children without diagnosed chronic infections: malaria, hepatitis B or C, schistosomiasis and/or strongyloides infection; (2) African children with at least one of these infections; and (3) Asian children (table 5) .
In terms of the likelihood of the IGRAs giving a definitive result, the QFT-GIT was the superior assay for the Asian children, whereas the T-SPOT.TB performed better in African children with other infections. For African children without identified co-morbid infections, neither assay was clearly superior in its likelihood to provide a definitive result. (0.39e0.53); figure 2 ). More particularly, amongst children having valid results for all three tests (n¼239), 24/47 (51%) of children with a positive TST result were negative for both IGRAs and, conversely, 9/30 (30%) of children with a positive IGRA had a negative TST. Figure 3 highlights the discordant positivity between TST and IGRA results. Notably, five of nine children with at least one positive IGRA result but a negative TST had no induration measurable. Positive agreement between the TST and both IGRAs was higher for African children (T-SPOT.TB, 57%; QFT-GIT, 56%) than for Asian children (T-SPOT.TB, 40%; QFT-GIT, 45%).
DISCUSSION
This prospective study is the first large-scale investigation of the clinical utility of currently available immunological tests for LTBI in resettled refugee children. There is a lack of evidence regarding the optimal diagnostic test for LTBI from sufficiently powered cohort studies of children, particularly those <5 years old. These data are essential to balance the need for treatment of LTBI against unnecessary interventions and overtreatment in this vulnerable population. Our primary aim was therefore to investigate whether the superior performance attributes of the T-SPOT.TB assay over the QFT-GIT assay, reported in other settings, were also found in refugee children. The two IGRAs showed similar positivity rates across all age groups. This suggests that in contrast to findings from immunosuppressed adults, 12 the greater intrinsic sensitivity of the T-SPOT.TB for antigen-specific T cells may be less critical for the detection of M tuberculosis-specific responses in children of any age. Furthermore, the inclusion of an additional antigen in the QFT-GIT may contribute to an increase in positivity. Despite reasonable concordance of positive results between the IGRAs, there were a number of discordant positive results. Therefore, testing with the alternative IGRA may be indicated where clinical suspicion of M tuberculosis infection is high. The decreased positivity associated with younger age observed for both of these assays and the TST indicates that the sensitivity of all tests may be reduced in younger children, or may simply reflect less time for potential exposure to M tuberculosis infection. Our data and published data are insufficient to make definitive recommendations about age-related limitations of IGRAs. However, it should be noted that IGRAs are able to demonstrate TB in children <12 months old. 13 14 Both IGRAs gave an unacceptably high proportion of inconclusive results. Failed tests were the primary cause of inconclusive T-SPOT.TB assays whereas indeterminate results were the primary cause of inconclusive QFT-GIT assays. However, an inconclusive test result with one IGRA was usually associated with a valid result for the other.
An inadequate T cell response to the mitogen was the predominant reason for QFT-GIT indeterminacy. However, 6/72 children with a low mitogen response were considered QFT-GIT positive based on their positive response to M tuberculosis antigens. Low mitogen responses were observed predominantly in African children, and were particularly associated with serological evidence of a helminth infection and, to a lesser extent, with malaria, HBV or HCV infection. Reduced mitogen responsiveness of T cells from African children in a whole blood IGRA might have several causes. Infection with parasites, especially helminths, might polarise circulating T cells towards T helper 2 (Th2) responses, resulting in impaired Th1 responses, increased regulatory T cell activity and lower IFNg responses. 15 Parasitic infections may cause immune activation and associated production of immunoglobulin E (IgE) antibodies, 16 which can result in monocyte production of immunosuppressant factors, such as prostaglandin E2, which inhibit T cell proliferation. 17 18 Finally, it might reflect early life environmental exposure to pathogens. This is in keeping with the differences in T cell memory subsets, especially higher numbers of T cells with an effector memory immunophenotype and lower numbers of T cells with a central memory immunophenotype, as described in Malawian as compared with UK adolescents, despite no differences in lymphocyte populations in cord blood from these populations. 19 It has been suggested that these differences result from greater exposure to early-life infections in the African environment. 20 However, IFNg responses to the mitogen in African children were not reduced in the T-SPOT.TB assay and it is likely that the natural exposure to infective pathogens in Asian children is also high. Given previous data suggesting that vitamin D levels affect mitogen responses, 21 we examined the relationship between vitamin D levels and the magnitude of the mitogen response amongst the African children, but could not detect a correlation. The issue of low mitogen responses resulting in indeterminate QFT-GIT results in African children or those with active infection might be overcome by redefining the cut-offs of the positive mitogen control in this population.
The most common cause of an inconclusive outcome for the T-SPOT.TB assay was failure to isolate sufficient PBMCs. A high rate of uninterpretable results in very young children has been previously described for the T-SPOT.TB assay, although the number of children <3 years old in the previous study was small. 6 Technical difficulties in obtaining sufficient PBMCs to complete the T-SPOT.TB assay remain a challenge, especially in samples from young children. PBMC separation protocols optimised for the larger blood volumes and lower cell counts of adults may not be suitable for children. The sample preparation protocol might therefore be modifiable in children and may decrease these assay failures. Importantly, the T-SPOT.TB assay had far fewer true indeterminate results than the QFT-GITassay (table 2) , which may be due to the greater intrinsic sensitivity of the ELISpot assay per se or due to an unknown advantage of using purified PBMCs rather than whole blood.
The low concordance between either of the IGRAs and TST results is consistent with findings of other studies, 22 and reflects the likely superior specificity of the IGRAs resulting from the use of antigens not found in either BCG or NTM. 23 However, the observation that nearly 30% of children with at least one IGRApositive result had a negative TST, half of whom had no measurable induration, would suggest that the TST has inferior sensitivity for demonstrating LTBI in refugee children. Moreover, 11% of attempted TSTs could not be completed, reflecting the logistical difficulties frequently encountered in reading this test, especially in high risk populations. On the basis of our data, a strategy that uses TST as a screening tool followed by a confirmatory IGRA for positive cases, as suggested by the UK NICE (National Institute for Health and Clinical Excellence) guidelines, 24 is inferior to a solely IGRA-based approach. Our findings suggest that IGRAs are the preferred screening tool for LTBI in refugee children. Both IGRAs have similar sensitivity to detect LTBI, but the discordance of positive results is sufficiently high to warrant repeat testing by the alternative IGRA to reduce false-negative results if there is strong epidemiological or clinical suspicion of M tuberculosis infection. QFT-GIT performance was compromised by indeterminate results in African children, especially those with other infections, whereas the T-SPOT.TB performance was compromised by the high number of failed tests, especially in younger children. Of note, an indeterminate or failed test with one IGRA was usually associated with a valid result for the other IGRA. An optimal testing strategy would involve both tests being available for sequential testing if necessary. Alternatively, a strategy taking account of both demographic and clinical characteristics of the child should be used when selecting a single IGRA. Despite valuable insights provided by this study, concerns remain about aspects of the clinical utility of all tests assessed and highlight the need for continued research to improve reliability of LTBI diagnosis in children from high incidence countries.
